Duchenne muscular dystrophy (DMD) is a fatal X-linked genetic disorder of skeletal muscle caused by mutation in dystrophin gene. Although the degradation of skeletal muscle extracellular matrix, inflammation and fibrosis are the common pathological features in DMD, the underlying mechanisms remain poorly understood. In this study, we have investigated the role and the mechanisms by which increased levels of matrix metalloproteinase-9 (MMP-9) protein causes myopathy in dystrophin-deficient mdx mice. The levels of MMP-9 but not tissue inhibitor of MMPs were drastically increased in skeletal muscle of mdx mice. Besides skeletal muscle, infiltrating macrophages were found to contribute significantly to the elevated levels of MMP-9 in dystrophic muscle. In vivo administration of a nuclear factor-kappa B inhibitory peptide, NBD, blocked the expression of MMP-9 in dystrophic muscle of mdx mice. Deletion of Mmp9 gene in mdx mice improved skeletal muscle structure and functions and reduced muscle injury, inflammation and fiber necrosis. Inhibition of MMP-9 increased the levels of cytoskeletal protein b-dystroglycan and neural nitric oxide synthase and reduced the amounts of caveolin-3 and transforming growth factor-b in myofibers of mdx mice. Genetic ablation of MMP-9 significantly augmented the skeletal muscle regeneration in mdx mice. Finally, pharmacological inhibition of MMP-9 activity also ameliorated skeletal muscle pathogenesis and enhanced myofiber regeneration in mdx mice. Collectively, our study suggests that the increased production of MMP-9 exacerbates dystrophinopathy and MMP-9 represents as one of the most promising therapeutic targets for the prevention of disease progression in DMD.
INTRODUCTION
Duchenne muscular dystrophy (DMD) is one of the most common and annihilating form of muscular dystrophy, which afflicts 0.03% of all male birth (1) . Inactivation of the dystrophin gene is the primary cause of DMD in humans and in mdx mice (a mouse model of DMD) (2 -4) . Dystrophin is an integral component of the transmembrane protein network known as dystrophin-glycoprotein complex (DGC), which not only provides mechanical stability to muscle fibers during contraction but also serves as an important signaling link from the extracellular matrix (ECM) to the cytoskeleton (5) . Loss of functional dystrophin protein leads to greater mechanical instability of the sarcolemma and aberrant intracellular signaling leading to progressive muscle degeneration and weakness (5) (6) (7) (8) . Although skeletal muscles have remarkable ability to regenerate after injury, myofiber regeneration is significantly impaired in DMD (2, 9) . Accumulating evidence strongly suggests that the primary deficiency of the dystrophin results in the activation of several secondary processes, such as inflammation, ECM degradation, chronic degeneration and regeneration of fibers and fibrosis, which exacerbate disease progression in DMD (1) . A better understanding and management of these secondary processes have enormous potential to improving the quality of life and extending the life expectancy in DMD patients (10) .
Matrix metalloproteinases (MMPs) are a family of zinccontaining enzymes that are implicated in degradation and remodeling of the components of the ECM in both physiological and pathophysiological conditions (11, 12) . These proteases are synthesized as secreted or transmembrane proenzymes and processed to an active form by the removal of an aminoterminal propeptide. The expression of MMPs is rapidly increased upon tissue injury suggesting their possible role in repair process, release of growth factors and modulation of ECM for cell migration (11 -13) . However, the presence of large amounts of MMPs, and in particular of MMP-9 (gelatinase B), has been found to contribute to tissue destruction in many pathological conditions including chronic wounds, heart failure, rheumatic arthritis, fibrotic lung disease, dilated cardiomyopathy, gastric ulcer, multiple sclerosis, asthma and cancer (13 -18) . The proteolytic activity of MMPs is tightly controlled by their interaction with endogenous tissue inhibitors of matrix metalloproteinases (TIMPs), which specifically inhibit active form of MMPs and in some cases latent MMPs (11 -13) . The balance between MMPs and TIMPs plays an important role in maintaining tissue integrity (13) .
The potential function of MMPs in myopathy is supported by several published reports demonstrating increased expression of MMP-9 in skeletal muscle of patients and animal models of muscle-wasting diseases (19) . Elevated levels of MMP-9 have been observed in skeletal muscle tissues after nerve injury, heart failure and inflammatory myopathy (19 -22) . Furthermore, pharmacological inhibition of MMPs activity has been found to attenuate pathogenesis in a mouse model of oculopharyngeal muscular dystrophy (23) . Although MMP-9 appears to play an important role in skeletal muscle remodeling in various pathological conditions, the direct evidence regarding the role of MMP-9 in skeletal muscle pathology is still lacking. In this study, using genetic and pharmacological approaches, we have investigated the role and underpinning mechanisms by which the increased production of MMP-9 causes muscle pathogenesis in mdx mice. Our study demonstrates that the inhibition of MMP-9 activity drastically reduces skeletal muscle structural deterioration, inflammation, necrosis and fibrosis and improves skeletal muscle contractile functions in mdx mice. Furthermore, the inhibition of MMP-9 activity also significantly improves skeletal muscle regeneration in mdx mice.
RESULTS

Deregulation of MMP-9 expression during postnatal development of mdx mice
We first studied the mRNA and protein levels of MMP-9 in diaphragm muscle of normal and mdx mice by quantitative real-time PCR (QRT-PCR) and western blotting, respectively. The mRNA levels of MMP-9 were found to be significantly higher in diaphragm muscle from 3-, 6-and 8-week-old mdx mice compared with age-matched C57BL/10 control mice (Fig. 1A) . Although elevated levels of MMP-9 protein were observed in both control and mdx mice of 1 or 2 weeks post birth, the amounts of MMP-9 proteins were significantly reduced after 2 weeks in control mice. In contrast, the levels of MMP-9 protein remained abnormally high in diaphragm of 3-and 5-week mdx mice (Fig. 1B) . To evaluate whether MMP-9 protein present in skeletal muscle of mdx mice was enzymatically active, gelatin zymography was performed. A drastic increase in gelatinolytic activity of MMP-9 was observed in soleus and gastrocnemius muscle of 8-week-old mdx mice compared with age-matched control mice (Fig. 1C) . Similar increase in MMP-9 protein level and gelatinolytic activity was observed in diaphragm, soleus, gastrocnemius and quadriceps muscle (data not shown). In addition, the amount of MMP-2 was also found to be slightly increased in skeletal muscle of mdx mice (Fig. 1C) . These data are consistent with other published reports demonstrating increased levels of MMP-9 in skeletal muscle of mdx mice (24, 25) . Since MMP-9 is a secreted protein, we also compared the levels of MMP-9 in serum of control and mdx mice using a commercially available ELISA kit (R&D Systems). As shown in Figure 1D , there was approximately 2-fold increase in serum level of MMP-9 in 6-week mdx mice compared with age-matched control mice (Fig. 1D) . Furthermore, because the proteolytic activity of MMP-9 is regulated via their interaction with TIMPs (11 -13), we also investigated whether the expression of TIMPs was altered in skeletal muscle of mdx mice compared with control mice. There was no significant difference in the levels of TIMP-1, -2, -3 or -4 protein between 8-week-old control and mdx mice (Fig. 1E) , suggesting a disruption of balance between MMP-9 and TIMPs in skeletal muscle of mdx mice.
Because dystrophic muscle of mdx mice contains infiltrating immune cells especially macrophages (26, 27) , we investigated whether MMP-9 is produced by skeletal muscle, macrophages or both. Skeletal muscle cryosections made from gastrocnemius muscle of mdx mice were immunostained for MMP-9 and CD68 protein (a cell surface marker for activated macrophages). Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Being a secreted protein, MMP-9 was present in and around myofibers in skeletal muscle of mdx ( Fig. 2A) . The amounts of MMP-9 were found to be increased in the areas where the concentration of macrophages was higher ( Fig. 2A) . To further confirm the role of immunocytes in MMP-9 expression in mdx mice, we measured MMP-9 protein levels in other immune (e.g. spleen and thymus) and non-immune (e.g. liver) organs of 8-week-old control and mdx mice. Interestingly, in addition to skeletal muscle, the level of MMP-9 protein was also significantly increased in the spleen and thymus, but not in the liver of mdx mice (Fig. 2B) .
We have previously reported that the activity of nuclear factor-kappa B (NF-kB) transcription factor is highly up-regulated in skeletal muscle of mdx mice (6) . Because the promoter region of MMP-9 contains consensus binding sequence for NF-kB and the activation of NF-kB is prerequisite for the expression of MMP-9 in response to various catabolic stimuli (28 -30) , we investigated whether the activation of NF-kB is responsible for the increased expression of MMP-9 in skeletal muscle of mdx mice. As shown in Figure 2C , in vivo administration of a cell permeable NF-kB essential modifier (NEMO)-binding domain (NBD) peptide, a selective inhibitor of NF-kB (27, 31) , significantly reduced the amounts of MMP-9 protein in diaphragm of mdx mice. In contrast, administration of NBD peptide did not affect the level of MMP-2 protein in skeletal muscle of mdx mice (Fig. 2C) . Taken together, these results suggest that both skeletal muscle and immunocytes (e.g. macrophages) contribute to the elevated levels of MMP-9 and the expression of MMP-9 is regulated through the activation of NF-kB in skeletal muscle of mdx mice.
Genetic ablation of MMP-9 inhibits the activation of activator protein-1 (AP-1) and NF-kB transcription factors, reduces the serum level of creatine kinase (CK) and improves skeletal muscle structure in mdx mice
To understand the role of MMP-9 in pathogenesis of mdx mice, male Mmp9-knockout mice were crossed with female mdx mice to generate mdx þ/2 ;Mmp9 (Fig. 3A) . Interestingly, instead of expected 50% decrease, deletion of single allele of MMP-9 (i.e. mdx;Mmp9 þ/2 ) more drastically (.80%) reduced the level of MMP-9 protein in skeletal muscle of mdx mice. Furthermore, the level of MMP-2 protein was also found to reduce in mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice compared with mdx;Mmp9 þ/þ mice (Fig. 3A) , indicating that the increased production of MMP-9 also modulates the expression/activity of other MMPs in skeletal muscle of mdx mice. Published reports suggest that besides NF-kB, the transcriptional activation of MMP-9 promoter also involves the activation of activator protein-1 (AP-1) transcription factor (28 -30) . We investigated the possibility whether MMP-9 affects its own expression in skeletal muscle of mdx mice through a positive feed-back mechanism which might involve the activation of AP-1 and NF-kB. Interestingly, the activation of both AP-1 and NF-kB was significantly reduced in tibial anterior (TA) muscle of mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice compared with mdx;Mmp9 þ/þ mice (Fig. 3B) .
To study the effect of inhibition of MMP-9 on skeletal muscle pathogenesis in mdx mice, we measured serum level of creatine kinase (CK) in 8-week-old littermate WT, mdx;Mmp9 þ/þ , mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice. As shown in Figure 3C , the CK levels were significantly lower in mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 compared with littermate mdx;Mmp9 þ/þ mice, thus providing the initial evidence that the inhibition of MMP-9 activity inhibits skeletal muscle injury in mdx mice. Because myopathy in mdx mice is associated with significant ECM abnormalities, we studied the effects of inhibition of MMP-9 activity on skeletal muscle structure in mdx mice. Diaphragm and TA muscle of
þ/2 and mdx;Mmp9 2/2 mice were isolated and cryosections (10 mm) made were subjected to Hematoxylin and Eosin (H&E) staining. WT;Mmp9 þ/þ mice showed fibers of uniform diameter and no clustering of inflammatory cells between adjacent fibers (Fig. 3D) . However, mdx;Mmp9 þ/þ mice showed typical features of muscular dystrophy characterized by fiber population of variable diameters, central nucleation and appearance of darkly stained nuclei of inflammatory cells between adjacent fibers (Fig. 3D) . In contrast, skeletal muscle of mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice showed significantly improved muscle structure; the fiber diameter was more uniform and the number of inflammatory cells between adjacent fibers was drastically reduced (Fig. 3D) .
Heterozygous or homozygous deletion of MMP-9 attenuates accumulation of macrophages, fiber necrosis and improves force production in skeletal muscle of mdx mice Since MMP-9 is a major mediator of inflammatory response, we next investigated whether the inhibition of MMP-9 affects the infiltration of macrophages in skeletal muscle of mdx mice. Gastrocnemius muscle from 7-to 8-week-old WT;Mmp9 þ/þ , mdx;Mmp9 þ/þ , mdx;Mmp9 þ/2 and mdx; Mmp9 2/2 mice were stained for macrophages using rat antimouse F4/80 (ABD Serotec), the number of labeled cells (brown colored) within two entire sections for each muscle was manually counted and the total area of each section was assessed using a calibrated square grid. The volume of muscle sample was calculated as the product of the section area and thickness (10 mm). Concentrations of macrophages were expressed as number of cells per cubic millimeter (mm 3 ). Interestingly, the concentration of F4/80 positive cells was drastically reduced in gastrocnemius muscle of mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice compared with mdx;Mmp9 þ/þ mice ( Fig. 4A and B). Because necrosis is the major mechanism of skeletal muscle fiber death in mdx mice and in DMD patients (32), we investigated whether genetic ablation of MMP-9 affects fiber necrosis in skeletal muscle of mdx mice. WT control mice did not show any intracellular fiber staining with anti-mouse IgG (Fig. 4C ). In contrast, mdx;Mmp9 þ/þ mice showed intracellular staining for IgG within a part of their muscle fibers (Fig. 4C) . However, the number of necrotic (filled) fibers in gastrocnemius muscle was significantly reduced in mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice compared with mdx;Mmp9 þ/þ mice ( Fig. 4C and D). We also employed Evans blue dye (EBD) to identify permeable skeletal muscle that became damaged as a result of muscular dystrophy (26) . Similar to necrosis, the percentage of EBD-positive fibers was significantly reduced in skeletal muscle of mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice compared with littermate mdx;Mmp9 þ/þ mice (Fig. 4E ). Finally, we investigated the effect of genetic ablation of MMP-9 on skeletal muscle force production in mdx mice. Force produced by soleus muscle in isometric contractions was significantly higher in mdx;Mmp9 þ/2 compared with littermate mdx;Mmp9 þ/þ mice (Fig. 4F ). Taken together, these data strongly suggest that the inhibition of MMP-9 activity ameliorates skeletal muscle pathogenesis and improves muscle contractile function in mdx mice.
Genetic deletion of MMP-9 attenuates fibrosis in diaphragm of mdx mice
Fibrosis is an important pathological feature of dystrophic muscle of mdx mice and DMD patients (2-4). To understand the role of MMP-9 in fibrosis in mdx mice, we studied the accumulation of collagen fibers in diaphragm using Masson's Trichrome staining method. As shown in Figure 5A , the level of collagens (blue colored) was significantly lower in mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice compared with littermate mdx;Mmp9 þ/þ mice. Although skeletal muscle may contain many types of collagens, collagens I and III are the major one, which are present in ECM of skeletal muscle (33) and drastically increased in dystrophic muscle of mdx mice (34) . In contrast, collagen IV is present mainly in the basement membrane of muscle fibers (33 2/2 mice, the levels of collagens I and III were significantly lower in mdx;Mmp9 þ/2 mice when compared with mdx;Mmp9 2/2 mice ( Fig. 5B and C). Although the exact mechanisms remain unknown, it is possible that small amount of MMP-9 may be essential for collagen metabolism in order to prevent fibrosis in skeletal muscle of mdx mice. Nevertheless, the reduced levels of collagens I and III in diaphragm of mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice clearly suggest that MMP-9 contributes to fibrosis. In contrast to collagens I and III, the level of collagen IV was found to be significantly increased in mdx;Mmp9 þ/2 and mdx;Mmp9
mice compared with littermate mdx;Mmp9 þ/þ mice ( Fig. 5B  and C) .
TGF-b is a predominant mediator of fibrosis (35) . Increased levels of TGF-b have been observed in dystrophic muscle of mdx mice (36, 37) and DMD patients (38) . MMP-9 is known to cause the activation of latent TGF-b into mature form by proteolytically removing its inhibitory domain (13, 39) . To determine the mechanisms by which the increased levels of 
and mdx;Mmp9 2/2 (n ¼ 6) mice were stained with H&E and photomicrograph. Scale bar: 50 mm. Data presented here demonstrate that the deletion of Mmp9 gene in mdx mice improves skeletal muscle structure. MMP-9 lead to fibrosis in mdx mice, we determined the level of active TGF-b protein in diaphragm muscle by western blotting. There was negligible amount of active TGF-b protein in skeletal muscle of WT control mice (data not shown). However, the diaphragm of mdx;Mmp9 þ/þ mice contained high amounts of TGF-b. Interestingly, compared with mdx;Mmp9 þ/þ mice, the levels of TGF-b protein were significantly reduced in mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice (Fig. 5B) . These results suggest that MMP-9 might be promoting fibrosis by augmenting the amounts of active TGF-b in skeletal muscle of mdx mice.
Genetic ablation of MMP-9 improves sarcolemmal structure and augments the cellular levels of b-dystroglycan and nNOS in skeletal muscle of mdx mice
To further understand the mechanisms of action of MMP-9 in skeletal muscle of mdx mice, we studied the effect of inhibition of MMP-9 activity on skeletal muscle membrane by immunostaining with laminin antibody (29) . Compared with a well-defined membrane bordering of each myofiber in gastrocnemius muscle of WT mice, sarcolemma in mdx mice appeared wrinkled and irregular (Fig. 6A) . Interestingly, these abnormalities in muscle membrane were significantly attenuated in mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice (Fig. 6A, upper panels) . This phenomenon was also confirmed by electron microscopy analysis of gastrocnemius muscle cross-sections. As shown in Figure 6A , there was a significant improvement in sarcolemmal as well as myofibril structure in mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice compared with littermate mdx/Mmp9 þ/þ mice. These data, thus, indicate that the increased production of MMP-9 contributes to sarcolemmal abnormalities in mdx mice.
Available literature suggests that besides dystrophin, the levels of several other proteins of the DGC are affected in skeletal muscle of mdx mice (40) . Interestingly, it was recently reported that b-dystroglycan is one of the most important proteolytic targets of MMP-9 (41, 42) . Furthermore, MMP-9 has also been suggested to induce the degradation of laminin-2 (13). Consistent with published reports, we found increased protein levels of utrophin (a homologue of dystrophin) and caveolin-3, and reduced levels of a-dystroglycan, b-dystroglycan and neural nitric oxide synthase (nNOS) in mdx mice compared with WT mice ( Fig. 6B) . However, there was no difference in level of laminin, utrophin, a-dystroglycan and a-dystrobrevin in skeletal muscle of mdx;Mmp9 þ/þ , mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice (Fig. 6B, upper panel) . In contrast, the protein level of b-dystroglycan and nNOS was enhanced, whereas the levels of caveolin-3 were reduced in gastrocnemius muscle of mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice compared with littermate mdx;Mmp9 þ/þ mice (Fig. 6B ).
Genetic ablation of MMP-9 augments myofiber regeneration in mdx mice
We next investigated whether MMP-9 has any role in skeletal muscle regeneration in mdx mice. The regeneration of myofiber was monitored by counting the number of centrally nucleated fibers (CNF) in H&E-stained gastrocnemius muscle sections and by immunostaining with antibody that recognizes embryonic (developmental) myosin heavy chain (E-MyHC) (Clone F1.652, Development Studies Hybridoma Bank, University of Iowa). Interestingly, deletion of either single or both alleles of Mmp9 gene significantly increased the count of CNF in gastrocnemius muscle of 8-week-old mdx mice ( Fig. 7A and B) . Gross analysis of H&E-stained muscle sections further revealed that while mdx/Mmp9 þ/þ contained significant amount of area having necrotic fibers, the necrotic area appeared to be filled with newly formed myofibers which were smaller in size and had central nucleation in mdx/Mmp9 þ/2 and mdx/Mmp9 2/2 mice (Fig. 7A , highlighted area) suggesting that the inhibition of MMP-9 accelerates regeneration of injured myofibers in mdx mice. Furthermore, the number of E-MyHC-stained myofibers was also found to be drastically increased in both mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice compared with littermate mdx;Mmp9 þ/þ mice ( Fig. 7A and C) . In addition, we found that the level of Pax-7 protein, a marker for satellite cells (43) , was also increased in gastrocnemius muscle of mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice (Fig. 7D ).
Pharmacological inhibition of MMP-9 alleviates skeletal muscle pathogenesis and augments regeneration in mdx mice
Although our experiments with knockout mice are highly suggestive of the role of MMP-9 in muscle pathogenesis in mdx mice, there is a possibility that some of the apparent effects of MMP-9 deficiency in mdx mice may be reflective of altered physiology that developed as a way to circumvent MMP-9 deficiency. In general, the results obtained with genetically deficient animals that can be recapitulated with pharmacological agents offer the strongest evidence for involvement of any specific protein in a particular disease process. (2R)-2-[(4-Biphenylylsulfonyl) amino]-3-phenylpropionic acid (also known as MMP-2/MMP-9 inhibitor I) is known to specifically inhibits MMP-9 activity and at higher concentration MMP-2 too (44) . It has been shown to provide protective effects in number of disease states involving MMP-9 (44, 45) . To further confirm the role of MMP-9 in myopathy, we investigated the effect of chronic administration of Western blot analysis showed that the levels of b-dystroglycan and nNOS were increased, whereas the level of caveolin-3 was reduced in gastrocnemius muscle of mdx;Mmp9 þ/2 (n ¼ 5) and mdx;Mmp9 2/2 (n ¼ 4) mice compared with littermate mdx;Mmp9 þ/þ (n ¼ 5) mice. EM, electron microscopy.
MMP-2/MMP-9 inhibitor I on skeletal muscle pathogenesis in mdx mice. Interestingly, treatment with MMP-2/MMP-9 inhibitor I improved muscle structure (Fig. 8A , upper panels) and reduced fiber necrosis (Fig. 8B , middle panel) in gastrocnemius muscle of mdx mice. Furthermore, skeletal muscle regeneration, evident by the increased number of CNF ( Fig. 8C ) and E-MyHC-positive fibers (Fig. 8B , lower panel and Fig. 8D ), was also significantly increased in MMP-2/MMP-9 inhibitor I-treated mdx mice. The improved muscle pathology was also reflected by a significant reduction in the serum levels of CK in mdx mice upon treatment with MMP-2/MMP-9 inhibitor I (Fig. 8E) . Finally, treatment with MMP-2/MMP-9 inhibitor was also found to significantly block the activation of NF-kB transcription factor in mdx mice (Fig. 8F ).
DISCUSSION
Although dystrophin is absent at birth, clinical symptoms are not evident until 2 -3 years after birth in DMD patients and 2.5 weeks in mdx mice (2 -4) suggesting that the loss of dystrophin leads to specific biochemical changes in skeletal muscle, which ultimately result in pathogenesis especially when physical activity is increased. Accumulating evidence strongly suggests that chronic inflammatory response and fibrosis in skeletal muscle are some of the important pathological consequences for progressive dysfunction and weakness in DMD patients (5, 10, 46) . In this study, we have identified MMP-9 as an important mediator of myopathy in mdx mice. Our data clearly demonstrate that the increased levels of MMP-9 exacerbate dystrophinopathy by augmenting fiber necrosis, ECM degradation, inflammation and fibrosis. Furthermore, our study also suggests that the excessive production of MMP-9 blocks the regeneration of myofibers in mdx mice. MMP-9 represents one of the most important extracellular proteases, the increased production of which can drastically alter skeletal muscle microenvironment in vivo (19, 29, 30) . Consistent with the established role of MMP-9 in inflammation and ECM remodeling, we found that the inhibition of MMP-9 activity significantly improves skeletal muscle structure in mdx mice (Fig. 3D) . Furthermore, serum level of CK, accumulation of macrophages, fiber necrosis and sarcolemmal injury were also drastically reduced upon heterozygous and homozygous deletion of Mmp9 gene in mdx mice (Figs 3 and 4) suggesting that the elevated levels of MMP-9 protein contribute to skeletal muscle pathogenesis in mdx mice by multiple mechanisms (Fig. 4) . One of the intriguing aspects of our study is that the deletion of a single allele of Mmp9 gene was sufficient to reduce the protein levels of MMP-9 in skeletal muscle (Fig. 3A) and attenuated muscle pathogenesis to a greater extent (Figs 3 and 4) . A drastic reduction in MMP-9 levels in skeletal muscle tissues on deletion of a single allele of Mmp9 in mdx mice (Fig. 3A) suggests that MMP-9 might be regulating its own expression possibly by exaggerating the accumulation of inflammatory cells and/or augmenting the activity of various proinflammatory molecules. This contention is supported by our data which demonstrate that heterozygous deletion of Mmp9 gene significantly inhibited the activation of proinflammatory transcription factors AP-1 and NF-kB (Fig. 3B) and reduced the accumulation of macrophages ( Fig. 4A and B ) in dystrophic muscle of mdx mice. Furthermore, along with MMP-9, the levels of MMP-2 proteins were also decreased in skeletal muscle of mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice (Fig. 3A) indicating that MMP-9 also contributes to the increased expression of MMP-2. Indeed, accumulating evidence strongly suggests that there is a cooperative interaction between various MMPs to promote effective tissue degradation (11 -13) . However, it is also possible that the reduced amount of MMP-2 in mdx;Mmp9 þ/2 or mdx;Mmp9
mice is a result of the reduced concentration of inflammatory cells ( Fig. 4A and B ) in dystrophic muscle of mdx mice upon inhibition of MMP-9 activity. Skeletal muscles of DMD patients and mdx mice show an increase in connective tissues between muscle fibers (fibrosis) and fatty infiltration (36 -38) . The diaphragm of the mdx mice is the first muscle to exhibit progressive degeneration, fibrosis and functional insufficiency similar to that seen in DMD muscles (47, 48) . However, the underlying mechanisms leading to the accumulation of matrix components in dystrophic muscle remain poorly understood. A common view is that the decrease in muscle fiber stability, due to lack of dystrophin, leads to degeneration of muscle fibers followed by invasion of muscle tissues by inflammatory cells such as macrophages, neutrophils and T lymphocytes, which increases fibrosis (48, 49) . In fact, depletion of macrophages and lymphocytes has been found to reduce muscle degeneration and fibrosis in mdx mice (34, 49, 50) . Interestingly, MMP-9 is one of the most important mediators of inflammation and is strongly implicated in ECM remodeling leading to fibrosis in several other tissues (51, 52) . MMP-9 is also involved in proteolytic processing of many proinflammatory cytokines including the focal release and activation of TGF-b (13,39), a major mediator of fibrosis in dystrophinopathy (38) . Our results demonstrating a significant decrease in the activity of AP-1 and NF-kB transcription factors and reduced concentration of inflammatory cells ( Figs 3C and 4A and B) with concomitant decrease in fibrosis (Fig. 5A -C ) in mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice strongly suggest that MMP-9 contributes to the accumulation of fibrotic tissues in mdx mice. Furthermore, the levels of active TGF-b protein were also significantly reduced in skeletal muscle of mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice (Fig. 5D) indicating that MMP-9 is involved in proteolytic processing of latent TGF-b into active form in dystrophic muscles.
Although the exact mechanisms by which MMP-9 causes muscle pathology could be quite complex, the most important proteolytic targets of MMP-9 might be the components of skeletal muscle cytoskeleton and interacting proteins in ECM (12, 13) . It has also been reported that besides dystrophin, the levels of several other proteins of the DGC (e.g. a-, b-and g-sarcoglycan, b-dystroglycan and nNOS) are reduced in skeletal muscle of mdx mice (40) . Our results suggest that the enhanced proteolysis of the specific components of the ECM-cytoskeleton network is one of the potential mechanisms by which MMP-9 causes muscle pathogenesis. This contention is supported by our data demonstrating that sarcolemmal structure was significantly improved in skeletal muscle of mdx;Mmp9 þ/2 or mdx;Mmp9 2/2 mice compared with mdx;Mmp9 þ/þ mice (Fig. 6A) . Furthermore, genetic ablation of MMP-9 in mdx mice also increased the protein levels of collagen IV (Fig. 5C) , b-dystroglycan and nNOS (Fig. 6B) without affecting the levels of several other DGC-related proteins (Fig. 6B) . Since collagen IV and bdystroglycan are the known physiological substrates of MMP-9 (12,13,41), their increased level in mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice is on the expected lines. However, it remains enigmatic how MMP-9 inhibition increases the protein levels of nNOS in myofibers of mdx mice. In addition, we found that genetic ablation of MMP-9 reduces the level of caveolin-3 (a small molecular weight protein localized to the sarcolemma) in skeletal muscle of mdx mice (Fig. 6B) . Interestingly, caveolin-3 directly interacts with nNOS and inhibits its catalytic activity (53) . Furthermore, both reduced protein levels of nNOS (26) and increased expression of caveolin-3 (54,55) are linked to skeletal muscle pathogenesis in mdx mice. Collectively, these results suggest that besides directly inducing the proteolysis of specific ECM-cytoskeletal proteins, the elevated levels of MMP-9 may also induce pathogenesis by indirect mechanisms which include the alteration in the protein level/activity of nNOS and caveolin-3 protein in dystrophic muscle.
An interesting observation of the present study was that genetic ablation or pharmacological inhibition of MMP-9 significantly improved skeletal muscle regeneration in mdx mice (Figs 7 and 8) . Furthermore, the expression of Pax-7, a specific cell surface marker for satellite cells (43) , was significantly increased in skeletal muscle of mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 mice compared with mdx;Mmp9 þ/þ mice (Fig. 7D) indicating that the enhanced myofiber regeneration was a result of the increased satellite cell proliferation in mdx mice upon inhibition of MMP-9 activity. Although the exhaustion of satellite cells due to excessive degeneration and regeneration cycles has been suggested as the major reason for insufficient myofiber regeneration in DMD (4, 56) , the loss of regenerative capacity in DMD could also be attributed to other factors such as a progressive increase in muscle interstitial fibrosis, which may prevent the availability of growth factors and migration of myogenic cells required for myotube formation (57, 58) . Increased amount of proinflammatory cytokines such as TNF-a and IL-1b, which are present in dystrophic muscle (6, 27) , may also inhibit the fusion of myoblasts into injured myofibers. Furthermore, since basement membrane is essential for skeletal muscle regeneration and formation of neuromuscular junctions (59), extensive degradation of basement membrane in dystrophic myofibers might also interfere with the ability of skeletal muscle to regenerate. A recent report also suggests that the increased activation of NF-kB interferes with the skeletal muscle regeneration in mdx mice (27) . Because the inhibition of MMP-9 activity significantly inhibits inflammatory response (Figs 3 and 4A and B), fibrosis ( Fig. 5 ) and the activation of NF-kB transcription factor (Figs 3B and 8F), and attenuates myofiber membrane abnormalities (Fig. 6A) , the increased regeneration of skeletal muscle in mdx;Mmp9
and mdx;Mmp9 2/2 mice could be the result of some of these effects of the inhibition of MMP-9.
Recent reports from our and other groups suggest that the activity of various proinflammatory transcription factors such as NF-kB and AP-1 is significantly elevated in skeletal muscle of mdx mice (6, 7, 27) . Furthermore, pharmacological or genetic inhibition of NF-kB has been reported to attenuate skeletal muscle pathogenesis in mdx mice (27) . We have also shown that the expression of MMP-9 in response to various proinflammatory cytokines is controlled through the transcriptional activation of NF-kB and AP-1 in skeletal muscle (29, 30) . In addition, our data show that the in vivo administration of NF-kB inhibitory peptide (i.e. NBD) reduces the amount of MMP-9 protein in skeletal muscle of mdx mice (Fig. 2C) . Interestingly, Acharyya et al. (27) have recently reported that in vivo administration of NBD peptide prevents muscle pathology and improves skeletal muscle regeneration in mdx mice. Because MMP-9 is a prominent NF-kB-regulated gene (28) , it is possible that NF-kB induces muscle pathology in mdx mice through the increased expression of MMP-9 protein. The following line of evidence is further suggestive of a cooperative interaction between NF-kB and MMP-9 to induce muscle pathogenesis in mdx mice. (i) NF-kB activation and expression of MMP-9 follow similar pattern in skeletal muscle of mdx mice. The activation of NF-kB (6, 27) and levels of MMP-9 protein (Fig. 1B) remain elevated after 2 weeks in mdx mice; (ii) genetic or pharmacological inhibition of either NF-kB (27) or MMP-9 (Figs 3, 4 and 8) inhibits various parameters of skeletal muscle pathology such as fiber necrosis and inflammation in mdx mice; and (iii) inhibition of either NF-kB (27) or MMP-9 (Figs 7 and 8) improves skeletal muscle regeneration in mdx mice. In an earlier study, Chen et al. (60) reported that NF-kB is strongly induced in skeletal muscle of DMD patients immediately after birth. However, at later stages of disease progression, the activation of TGF-b pathway is increased (60) indicating that the activated NF-kB might be inducing TGF-b pathways through enhancing the expression of MMP-9, which converts latent TGF-b into active form (13) .
In summary, our study provides strong evidence that the increased production of MMP-9 contributes to the skeletal muscle pathogenesis in dystrophin-deficient skeletal muscle. Based on the results of this study, which suggest that even partial inhibition of MMP-9 activity effectively reduces skeletal muscle pathogenesis in mdx mice, we believe that MMP-9 will serve as an important molecular target to mitigate skeletal muscle pathogenesis in DMD patients in future therapies.
MATERIALS AND METHODS
Mice
Control (strain: C57BL10/ScSn), mdx (strain: C57BL/10ScSn DMD mdx ) and Mmp9-knockout (strain: FVB.CgMmp9tm1Tvu) mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Mmp9-knockout mice were first crossed with C57BL10/ScSn mice for four to five generations and then with mdx mice to generate littermate WT, mdx;Mmp9 þ/þ , mdx;Mmp9 þ/2 and mdx;Mmp9 2/2 . All genotypes were determined by PCR analysis from tail DNA. Amplification-resistant mutation system assay was used to identify control and mdx mice (61) . Mmp9-knockout and WT mice were identified using the primer sets suggested by the Jackson Laboratory. Mice were housed in the animal facility of the University of Louisville School of Medicine under conventional conditions with constant temperature and humidity and fed a standard diet.
For pharmacological studies in vivo, (2R)-2-[(4-Biphenylylsulfonyl) amino]-3-phenylpropionic acid (also known as MMP-2/9 inhibitor I) (from CalBiochem, cat no. 444241) was first dissolved in dimethyl sulfoxide (DMSO) and diluted in phosphate buffered saline (PBS) (final, 0.05% DMSO). Three-week-old mdx mice were given daily intraperitoneal injections of the inhibitor (5 mg/Kg body weight) or vehicle (i.e. 0.05% DMSO in PBS) alone before euthanizing mice and analysis of skeletal muscle pathology at 6 weeks.
To study the role of NF-kB in MMP-9 expression in skeletal muscle, 4-week-old mdx mice were given three intraperitoneal injection of 200 mg either control or NBD peptide (Imgenex, San Diego, CA, USA) every third day. Twenty-four hours after the final injection, the mice were sacrificed and muscle tissues were isolated for biochemical analysis.
To detect sarcolemmal damage, mice were given intraperitoneal injection of 1% EBD in PBS at a dose of 100 ml per 10 gm body weight. The mice were visually inspected for dye uptake. Discoloration of all mice was observed within 50-60 min after EBD injection and the successful injection of the dye was indicated by the blue colors of ears and paws. Mice were sacrificed 24 h post-EBD injection and uptake of EBD by injured myofibers was examined in muscle cryosections using a fluorescent microscope. All experiments with animals were approved by the Institutional Animal Care and Use Committee of the University of Louisville.
Gelatin zymography
To determine MMP-9 activity in skeletal muscle of control and mdx mice, muscle extracts were prepared in non-reducing lysis buffer [50 mM Tris-Cl (pH 8.0), 200 mM NaCl, 50 mM NaF, 0.3% IGPAL CA-630 and protease inhibitors]. Equal amount of proteins (100 mg/sample) was separated on 8% SDS -PAGE containing 1 mg/ml gelatin B (Fisher Scientific) under non-reducing conditions. Gels were washed in 2.5% Triton X-100 for 1 h at room temperature followed by incubation in reaction buffer [50 mM Tris -HCl (pH 8.0), 50 mM NaCl, 5 mM CaCl2 and 0.02% sodium azide] for 48 h at 378C. To visualize gelatinolytic bands, gels were stained with Coomassie Brilliant Blue dye at room temperature followed by extensive washing in destaining buffer (10% methanol and 10% acetic acid in distilled water). The gels were photographed for determination of gelatinolytic activity.
Western blotting
Tissue levels of different proteins were determined using a method as described (6) . Briefly, tissues were washed with phosphate-buffered saline (PBS) and homogenized in lysis buffer A [50 mM Tris-Cl (pH 8.0), 200 mM NaCl, 50 mM NaF, 1 mM dithiotheritol (DTT), 1 mM sodium orthovanadate, 0.3% IGEPAL, and protease inhibitors]. Approximately, 100 mg protein was resolved on each lane on 8 -12% SDS -PAGE, electrotransferred onto nitrocellulose membrane and probed using anti-MMP-9 (1:2000; R&D Systems), anti-MMP-2 (1:3000, R&D Systems), anti-b-dystroglycan (1:100, Novacastra), laminin (1:1000; Sigma), anti-TIMP-1 (1:1000, Santa Cruz), anti-TIMP-2 (1:500, CalBiochem), anti-TIMP-3 (1:1000; Santa Cruz), anti-TIMP-4 (1:1000, Santa Cruz), anti-E-MyHC (1:100, Developmental Studies Hybridoma Bank), anti-Pax-7 (1:500; Developmental Studies Hybridoma Bank), collagen I (1:1000; Abcam), anti-collagen III (1:1000; Abcam), anti-collagen IV (1:500; Abcam), antiutrophin (1:100; Developmental Studies Hybridoma Bank), anti-alpha-dystroglycan (Santa Cruz), anti-a-dystrobrevin (1:500; Santa Cruz), anti-nNOS (1:500; Santa Cruz), anti-caveolin-3 (1:500, Santa Cruz), anti-TGF-b (1:1000, Cell Signaling Technology) and anti-tubulin (1:5000, Abcam) and detected by chemiluminescence. To determine the levels of collagens I and III, muscle extracts were prepared in lysis buffer lacking DTT and separated on SDS-PAGE under non-reducing conditions.
Quantitative real-time PCR
RNA isolation and QRT-PCR were performed to measure the mRNA level of MMP-9 using a method as described (30) .
Electrophoretic mobility shift assay (EMSA)
Activation of NF-kB and AP-1 transcription factors was studied using electrophoretic mobility shift assay (EMSA) as previously described (6, 7) .
Creatine kinase assay
The serum level of CK was determined using a commercially available kit (Stanbio Laboratory, TX, USA). CK activity was expressed as Units/liter.
Histology and immunohistochemistry
For immunofluorescent staining, serial cross sections (10 mm thick) from mid-belly of frozen skeletal muscle tissues were mounted on glass slides and fixed in acetone for 10 min. The sections were blocked in 1% bovine serum albumin in PBS for 1 h, and incubated with primary antibodies in blocking solution at 48C overnight under humidified conditions. The sections were washed briefly with PBS before incubation with secondary antibodies for 1 h at room temperature and then washed three times for 30 min with PBS. The slides were mounted using fluorescence medium with DAPI (Vector Laboratories), visualized with a fluorescent microscope (Nikon) and images were captured using Nikon DS Fi1 camera (Nikon). The primary antibodies dilution and source are as follows: anti-MMP9 (1:100; Millipore), CD-68 (1:50; Serotec), anti-laminin (1:100, Sigma), anti-collagen I (1:300, Abcam), anti-collagen III (1:300, Abcam), anti-collagen IV (1:500), anti-E-MyHC (1:50, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA). Alexa Fluor w 488 or Alexa Fluor w 596-conjugated secondary antibodies were obtained from Invitrogen and used at 1:3000 dilution. Anti-F4/80 (1:50, AbD Serotec) was used in conjunction with the VECSTAIN ABC staining kit (Vector) with DAB substrate according to the manufacturer's protocol. Necrotic fibers in muscle cryosections were identified by immunostaining with Cy3-labelled goat anti-mouse IgG (1:3000, Invitrogen). Amount of fibrosis in paraffin-embedded diaphragm muscle sections was determined using Mason's Trichrome staining kit (American Master Tech) following a protocol suggested by manufacturers.
Transmission electron microscopy
Gastrocnemius muscle isolated were fixed in 3% glutaraldehyde in cocodylate buffer (0.1 M) overnight followed by fixing in 1% cocodylate buffered Osmium tetroxide. The tissue was dehydrated through a series of graded alcohols, and embedded in LX-112 plastic (Ladd Research Industries, Burlington, VT, USA). Transverse sections (80 nm) were cut using an LKB ultramicrotome and stained with uranium acetate and lead citrate. Samples were analyzed using a Philips CM 12 transmission electron microscope operating at 60 kV. The pictures were captured at 4400Â magnification using a 3.2 mega pixel digital camera (Sia-7C).
Skeletal muscle functional studies
Soleus muscle was rapidly excised and placed in Krebs-Ringer solution. The muscle was mounted between a Fort25 force transducer (World Precision Instrumentation) and a micromanipulator device in a temperature-controlled myobath (World Precision Instrumentation). The muscle was positioned between platinum wire stimulating electrodes and stimulated to contract isometrically using electrical field stimulation (supramaximal voltage, 1.2 ms pulse duration) using a Grass S88 stimulator. In each experiment, muscle length was adjusted to optimize twitch force (optimal length, L o ). The muscle was rested for 15 min before the tetanic protocol was started. The output of the force transducer was recorded in computer using LAB-TRAX-4 software. Maximal tetanic contraction was assessed at 250 Hz for 500 ms duration. To investigate a potentially different frequency response between groups, tetanic were assessed by sequential stimulation at 5, 15, 30, 50, 80, 120, 150 and 250 Hz with 2 min rest in between. The cross-sectional area for each muscle was determined by dividing muscle weight by its length and tissue density (1.06 g/l), and muscle force was compared after correction for cross-sectional area.
Statistical significance
Results are expressed as mean + standard deviation (SD). Statistical analysis used Student's t-test or ANOVA to compare quantitative data populations with normal distribution and equal variance. A value of P , 0.05 was considered statistically significant unless otherwise specified.
